Serial analysis of gene expression (SAGE) allows for a quantitative, representative, and comprehensive pro®le of gene expression. We have utilized SAGE technology to contrast the dierential gene expression pro®le in rat embryo ®broblast cells producing temperature-sensitive p53 tumor suppressor protein at permissive or nonpermissive temperatures. Analysis of *15 000 genes revealed that the expression of 14 genes (P50.001, 50.03% abundance) was dependent on functional p53 protein, whereas the expression of three genes was signi®cantly higher in cells producing non-functional p53 protein. Those genes whose expression was increased by functional p53 include RAS, U6 snRNA, cyclin G, EGR-1, and several novel genes. The expression of actin, tubulin, and HSP70 genes was elevated at the nonpermissive temperature for p53 function. Interestingly, the expression of several genes was dependent on a nontemperature-sensitive mutant p53 suggesting altered transcription pro®les dependent on speci®c p53 mutant proteins. These results demonstrate the utility of SAGE for rapidly and reproducibly evaluating global transcriptional responses within dierent cell populations.
Introduction
Transcriptional regulation mediated by the p53 tumor suppressor gene product is implicated in numerous cell regulatory cascades, most prominently cell growth regulation (White, 1996; Ko and Prives, 1996) . While many genes have been shown to be transcriptionally regulated by p53 either directly (MDM2, p21 WAF1/CIP1 , cyclin G, GADD45, IGFBP3, BAX, IGF-IR) or indirectly (Thrombospondin-1, TGF-a, PCNA, c-fos, c-jun, HSP70 [see Ko and Prives, 1996 for review]), the cellular context required for speci®c p53-mediated transcriptional regulation remains ill-de®ned. Rat embryo ®broblast (REF) cells transformed with activated RAS and a mouse temperature-sensitive p53 (Val135) gene constitute a tightly regulated, well de®ned system to study mechanisms involved in p53-mediated cell growth regulation (Michalovitz et al., 1990; Pietenpol et al., 1996; Martinez et al., 1991) . Transformed REF cells grown at the non-permissive temperature (388C) maintain the p53 protein in a nonfunctional conformation con®ned to the cytoplasm of the cell. Growth of RAS plus temperature-sensitive p53-transformed REF cells at the permissive temperature (328C) results in the production of functional p53 protein capable of migrating into the nucleus and regulating transcription in a sequence-speci®c manner (Martinez et al., 1991; Gannon and Lane, 1991) . Furthermore, cells shifted from 388C to 328C induces functional p53-mediated G1 arrest and apoptosis (Martinez et al., 1991) . Both p21 WAF1/CIP1 (El-Deiry et al., 1993; Harper et al., 1993) and cyclin G (Okamoto and Beach, 1994; Zauberman et al., 1995) have been shown to be upregulated in these cells by direct p53-dependent transcriptional regulation. Although the function of cyclin G remains unde®ned, p21 WAF1/CIP1 is known to regulate cell growth via direct interaction with cyclin-dependent kinases (CDKs) (Harper et al., 1993) . Several other genes have been purported to be regulated by p53 within this system, but evidence for direct p53 transcriptional regulation is lacking (Ko and Prives, 1996) .
Recent developments in technologies aimed at identifying dierentially expressed genes have yielded valuable insights into the mechanisms governing cell growth control (Liang and Pardee, 1992; Bauer et al., 1993; Lee et al., 1995) . Although numerous genes have been identi®ed, the limited and random data acquisition from these technologies preclude a comprehensive evaluation of all genes involved in cell growth regulation. A technology that yields a comprehensive analysis of gene expression within any cell type would provide an important tool for elucidating complex patterns of gene expression. Both dierential display and subtractive hybridization technologies are limited to identifying genes expressed at relatively high abundance and/or displaying large expression differences between samples (Liang and Pardee, 1992; Bertioli et al., 1995) . In addition, dierential display suers from artifacts associated with PCR amplification of target sequences (i.e. poorly ampli®ed templates (Bertioli et al., 1995) or false positives (Callard et al., 1994) . Recently described microarray and parallel sequencing technologies may potentially provide comprehensive transcript pro®les but are currently restricted to known genes and the development and use of specialized and costly equipment (Bains, 1996) .
Serial analysis of gene expression (SAGE) (Velculescu et al., 1995) allows for both a representative and comprehensive dierential gene expression pro®le. Ultimately relying on 14 ± 15 base cDNA sequences (SAGE tags) for gene identi®cation and cloning, SAGE can generate a quantitative transcript pro®le, an aspect lacking in alternative transcript imaging technologies. The rapid and ecient analysis of tens of thousands of transcripts allows for levels of transcript pro®ling that have not been approached using expressed sequence tag (EST) technology, which in the past has provided the most quantitative transcript pro®les. As SAGE oers a much more rapid and economical approach to identifying cDNAs than competing methods, one can aspire to evaluate all of the estimated 10 000 to 50 000 expressed genes in a given cell population. Ginsberg et al., 1991; Michalovitz et al., 1990; Madden et al., 1996) (Ginsberg et al., 1991; Michalovitz et al., 1990 cDNA identi®ed more than 15 000 dierent genes with more than 5 000 genes represented more than one time. Figure 1 details the increase in gene representation as the number of SAGE transcripts sequenced increases, demonstrating that many new transcripts are still being identi®ed after 60 000 tags were sequenced. The transcripts identi®ed from control REF-Phe132 cDNA (410 000 SAGE tags) represent more than 5 000 genes with about 1200 genes represented more than one time. Comparative analysis of 30 000 transcripts between 328C and 388C cDNA populations yielded 28 (P50.01) and 14 (P50.001) genes signi®cantly upregulated in cells expressing functional p53 protein (328C) for transcripts present at an abundance level 50.03%. In contrast, the mutant temperature-sensitive p53 cDNA (388C) population yielded only 12 (P50.01) and three (P50.001) genes dierentially induced by comparison with the 328C cDNA population. Twenty-two and 13 additional dierential transcripts are apparent if statistical signi®cance is relaxed to P50.05 for elevated expression levels at 328C and 388C, respectively (0.02 ± 0.03% abundance). A summary of tags present at elevated levels (P50.01) at 328C and 388C is presented in Table 2 . The three 388C elevated tags represent l-actin (0.26%), a-tubulin (one isoform, 0.25%), and HSP70 (0.21%) consistent with continuing growth of the 388C-maintained cells. The remaining 388C-elevated tags (P50.01) include a second tubulin isoform, Thymosin b-4, ribosomal protein L13a, and several unde®ned genes. Interestingly, CDK4 also showed a substantial dierential induction in 388C-induced cDNA (nine occurrences at 388C and one occurrence at 328C, P50.05).
The 14 genes expressed at elevated levels at 328C (P50.001) include an alu repetitive tag (2.62%), RAS (0.95%), U6 snRNA (0.61%), two cyclin G tags (0.18% and 0.16%), EGR-1 [Zif268/NGFI-A/Krox-24] (0.10%), external transcribed spacer-1 (ETS-1) (0.08%), a clone previously identi®ed by subtractive hybridization (clone 13; B. Vogelstein and S Zhou, personal communication) (0.07%), 28S rRNA (0.04%), CGR11 (0.04%), and three uncharacterized genes (clones 9, 12, 14; Table 2 ). The genes corresponding . Sequenced SAGE tag (transcripts) accumulation was monitored for unique tags (genes) sporadically throughout the analysis using the SAGE software package to both cyclin G tags, U6 snRNA, and ETS-1 tags were cloned and veri®ed to be expressed at the predicted SAGE abundance level (see below). The p21 WAF1/CIP1 tag was present at ®ve copies in the 328C cDNA and no copies in the 388C cDNA. This apparent low abundance of the p21 WAF1/CIP1 tag (0.04% vs. 0.20% expected) is apparently due to the presence of a site for the restriction endonuclease BsmFI within the p21 WAF1/CIP1 cDNA that overlaps the SAGE tag site. Other genes showing elevated expression at 328C include BAX1 (18 : 8), MDM2 (7 : 2), CGR19 (5 : 0), and another clone previously identi®ed by subtractive hybridization (clone 50; B Vogelstein and S Zhou, personal communication) (5 : 0).
One measure of reproducibility of the transcript pro®les involves comparison of transcript levels for genes encoding ribosomal proteins and known housekeeping genes. As shown in Table 2 for EF1 (327 : 396) and GAPDH 107 : 92), well-known housekeeping genes are expressed at comparable levels in both samples. Most ribosomal proteins were also present at similar levels in 328C and 388C cDNA (data not shown). As expected, exogenous p53 (mouse Val135) also showed similar abundance in 328C (46 tags) and 388C (32 tags) cDNA populations (Table 2) .
Partial cDNAs were obtained for three previously uncharacterized and relatively abundant rat tags at 328C. The clone 14 partial cDNA yielded an open reading frame (ORF) of 210 amino acids showing strong homology within a helix ± loop ± helix region to the HES transcription factor family (Sasai et al., 1992) . Clone 12 yielded an ORF of 149 amino acids likely to be the rat homologue of a previously identi®ed human tissue speci®c protein (GenBank accession #X67698) of unknown function and clone 9 yielded an ORF of 164 amino acids with no homology to published proteins or protein motifs.
SAGE data for control, non-temperature-sensitive REF cells
SAGE analysis of the control REF-Phe132 cDNA generated from 328C -maintained cells was performed to greater than 10 000 transcripts. With a few exceptions, the transcript pro®le from these cells resembled that generated from the REF-Val135 388C cDNA population (data not shown). One unknown gene was absent in the control REF-Phe132 cDNA but was expressed at about 0.10% in both the 328C and 388C REF-Val135 cDNA populations. Genes encoding galectin-1 (Perillo et al., 1995) , MTS1 (Ambartsumian et al., 1995) , TRPM-2 (apolipoprotein J/clusterin) (Wright et al., 1996) , osteopontin (Oates et al., 1996) , and one unknown gene were expressed to signi®cantly higher levels in the control REF-Phe132 cDNA than in either the 328C or 388C REF Val135 cDNA population (data not shown).
Validation of SAGE transcript representation
Con®rmation of transcript abundance determined from the SAGE libraries was achieved using EF1 and cyclin G probe hybridization to l cDNA libraries derived from the same mRNA used for SAGE library generation. Both EF1 and cyclin G showed similar abundance in the SAGE and l cDNA libraries for both the REF-Val135 388C and 388C cDNA populations (data not shown). Northern analysis with clone 9, 12 and 14 cDNA as well as probes for U6 snRNA, cyclin G, ribosomal protein S27, and EF1 were performed with mRNA derived from 328C-and 388C-maintained cells (Figure 2) . Results show dierential induction of all the unknown clones, U6 snRNA, cyclin G and ribosomal protein S27 in the 328C mRNA population. As expected, the EF1 probe revealed equal abundance in both populations. Thus, all SAGE transcript dierentials also show similar dierential expression by northern analysis, con®rming representative sampling in the SAGE analysis.
Discussion
We have applied SAGE technology toward the generation of a growth regulatory transcript pro®les from REF cells containing either functional or nonfunctional p53 protein. The pro®le includes over 15 000 genes derived from mutant and wild-type p53 cDNA populations. Statistically signi®cant transcript differences between the two populations overwhelmingly favours the likelihood of a preferential transcriptional induction within functional p53 cell populations. This suggests that active transcription-dependent expression changes are responsible for growth arrest and/or apoptosis in this system. The number of apparently induced genes in the REF cells containing functional p53 might be an underestimate since these cells have an intrinsically lower metabolic rate when grown at the lower permissive temperature, potentially slowing the accumulation of induced transcripts. Genes (actin and tubulin) required for growth were the ones with the most disproportionately higher expression at the nonpermissive temperature for p53. HSP70 also showed signi®cantly higher abundance in cells lacking functional p53 protein, consistent with reports by others that it is down-regulated by wild type p53 (Ago et al., 1993) .
Genes anticipated to be induced in the presence of functional p53 protein (cyclin G, p21 WAF1/CIP1 , MDM2, BAX-1; Ko and Prives, 1996) did show dierent numbers of SAGE tags in the two libraries, however, a few anomalies were observed. First, the p21 WAF1/CIP1 transcript showed *®ve to sixfold lower abundance than expected due to the proximity of a site for one of the restriction enzymes used in the generation of the SAGE libraries (see Materials and methods). Second, as noted in Table 2 , one of the tags overexpressed in the 328C REF cDNA library represents an internal cyclin G sequence. Since SAGE analysis relies on the 3'-most 4-base restriction endonuclease site for gene identi®cation, the presence of two cyclin G tags (one 3' and one internal) suggests that either internal oligo(dT)-priming is occurring within the cyclin G transcript or there exists a second, previously unidenti®ed, cyclin G transcript. Because sequences associated with the numerous other restriction sites in the cyclin G gene were not observed, it is unlikely that partial digestion of the cDNA can explain the`internal' tag. As can be seen in Figure 2 , clone 4 (cyclin G) hybridizes to an RNA of the expected size and to a smaller (*1.2 kb) transcript. It is likely that this transcript represents an alternative form of cyclin G RNA that gives rise to the apparently`internal' SAGE tag. The combined abundance of the cyclin G transcripts is *0.34% of the total cDNA. While the signi®cance of the two highly expressed tags and Several potentially novel growth regulatory genes have been identi®ed with this SAGE analysis including genes expressed to levels as high as 0.09% (clone 9) of the induced mRNA population. All previously identi®ed genes with the exception of U6 snRNA and LIMK-2 were previously found to be upregulated in a p53-dependent manner including cyclin G (Okamoto and Beach, 1994; Zauberman et al., 1995) , CGR11 (Madden et al., 1996) , and EGR-1 and RAS (B Vogelstein, personal communication). Whereas the RAS tag that was identi®ed matches perfectly with the exogenous human RAS homologue, we cannot de®nitively exclude the rat RAS homologue as being responsible for the elevated tag levels since complete sequence information is not available for the latter.
The dierential expression observed for U6 snRNA raises some interesting questions. Theoretically, the detection of this small RNA molecule should not be possible with oligo(dT)-dependent priming. While 3' modi®cations have been shown to occur to the U6 snRNA molecule, these modi®cations do not include base additions that facilitate oligo-dT priming (Lund and Dahlberg, 1992) . One possible explanation for the observed dierential detection of U6 snRNA is that upon apoptotic nuclear breakdown the U6 snRNA is liberated from the nucleus and fortuitously polyadenylated. No other snRNA species were detected in the SAGE analysis.
The EGR-1 transcription factor accounts for 0.1% of REF mRNA at 328C. This well characterized transcriptional activator and repressor has been shown to be regulated in response to a wide array of growth regulatory stimuli, initially being described as an early growth response gene activated by serum (Sukhatme et al., 1988; Cao et al., 1990) . Initial studies on EGR-1 appeared to correlate expression with enhanced cellular proliferation, however, more recently a role of EGR1 in cellular dierentiation has been proposed (Bains, 1996) , similar to the role proposed for p21 WAF1/CIP1 in myogenic dierentiation (Liu et al., 1996) . It is tempting to speculate that the EGR-1 induction observed in wild type p53 REF cells stems from the triggering of molecular mechanisms similar to differentiation. Further, as some of the wild type p53-containing REF cells are undergoing apoptosis, the identi®cation of elevated levels of EGR-1 in these cells may indicate a more prominent role for EGR-1 in programmed cell death than previously appreciated.
SAGE analysis of REF-Phe132 control cells identi®ed a small number of genes whose expression was apparently elevated in the REF-Phe132 mRNA population with respect to both 328C and 388C-maintained REF Val135 cells (galectin-1 (Perillo et al., 1995 , MTS1 (Ambartsumian et al., 1995 , TRPM-2 (apolipoprotein J/clusterin) (Wright et al., 1996) , osteopontin (Oates et al., 1996) ). We have not con®rmed these dierences by other analyses. REF-
Phe132
-speci®c regulated genes could potentially represent unique transcriptional regulation dependent on speci®c p53 mutant proteins. Experiments by other investigators (Chen et al., 1994; Friedlander et al., 1996; Ludwig et al., 1996) have yielded results suggesting that speci®c p53 mutants interact with unique proteins hinting that p53 mutant proteins might retain transcription potential, but for genes not normally regulated by p53. It remains possible, however, that the observed dierences result from leakiness of the p53 temperature-sensitive protein. That is, a subpopulation of`active' temperature-sensitive p53 protein at the non-permissive temperature might result in the selective down regulation of genes subsequently observed to be preferentially expressed in the control mutant p53 population. It is noteworthy that we found signi®cantly more divergence in the abundance of many SAGE tags when comparing REF-Phe132 versus 388C REF-Val135 than when comparing REFVal135 328C versus 388C. The former comparisons have been used previously for the identi®cation of potential p53-regulated genes by dierential display (Amson et al., 1996) . Regardless, it is interesting that each of the known genes showing biased expression within REF-Phe132 cells has been linked to cellular growth regulation (Ambartsumian et al., 1995; Arai et al., 1996; Chambers, 1995; Guo et al., 1995; Perillo et al., 1995; Wright et al., 1996; Oates et al., 1996) . Indeed, osteopontin was shown recently to be a metastasis-related factor in mammary tumors (Oates et al., 1996) .
Although the results presented have provided a quantitative overview of potential growth-regulatory transcripts dependent on p53, the relatively limited public database of rat sequences compared to the human database precludes immediate identi®cation of some of the dierential tags identi®ed. We have previously performed a dierential display analysis of this REF p53 regulatory system (Madden et al., 1996) . Growth regulatory genes CGR11 and CGR19 were isolated, however the genes were found by random sampling. The isolation of these genes by dierential display yielded little information regarding transcript abundance or relative importance to other p53-regulated genes. Identi®cation of CGR11 and CGR19 in the current SAGE analysis demonstrates that while both were highly induced and moderately abundant, many other unknown genes shared similar characteristics that were not identi®ed by dierential display. Equally important, numerous genes appeared to be dierentially expressed by dierential display, but these apparent dierences could not be substantiated by other criteria (e.g. Northern analysis).
Tag number correlation's with gene number suggest that many more than the identi®ed 15 000 genes are expressed in REF cells. Indeed, recent SAGE analysis of *60 000 transcripts in the yeast Saccharomyces cerevisiae resulted in the identi®cation of nearly all of the anticipated 6000 yeast genes (Velculescu et al., 1997) . Estimates for expressed genes range from 10 000 to 50 000 unique mRNAs in a given cell type (Bains, 1996) Ginsberg et al., 1991; Michalovitz et al., 1990) were maintained in DMEM containing 10% fetal bovine serum in 5% CO 2 at either 328C or 388C. Cells were trypsinized and replated at least 48 h prior to any temperature shift. Temperature shifts were made by transfer of subcon¯uent¯asks to pre-equilibrated incubators without media changes. RNA was harvested 8 h after shift to 328C. Total RNA was isolated by direct lysis in RNAzol (Tel-Test, Inc.). Poly(A) + RNA was isolated using the MessageMaker kit (Gibco/BRL) according to the manufacturer's instructions. SAGE libraries were generated using 2.5 mg poly(A) + RNA and the restriction enzyme NlaIII as described (Velculescu et al., 1995) except that the concatamers were cloned into SphI-digested pZErO-1 (In Vitrogen). cDNA libraries were constructed using a l ZapExpress system (Stratagene) according to the manufacturer's instructions. Hybridization's to l clones were performed using either a 14 base or 15 base oligonucleotide end-labeled with 32 P (Velculescu et al., 1995) . Some clones were obtained using the GeneTrapper kit (Gibco/BRL) and 15 base pair oligomers derived from the SAGE tag.
Northern blot analysis
RNA analyses were performed using either total or poly(A) + RNA and Ambion's NorthernMax kit.
32 Plabeled cDNA probes were generated by random-priming and hybridized and washed according to the manufacturer's protocol. Assurance of equivalent RNA loading was achieved either by u.v. shadowing (total RNA) or EF1 probing (poly(A) + RNA).
DNA sequencing and sequence analysis 
